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In this study, a new oxygen-deficient cathode material, Smg5Sro5Co;_xCuyO3_s (SSCCu) was developed.
It is expected to enhance the efficiency of intermediate-temperature solid oxide fuel cells (IT-SOFCs). The
structure, conductivity and electrochemical performance of SSCCu were examined as a function of cop-
per content. The structure of Smg5Srg5C009Cup103_s and Smg5Srg5Co0gCup203_s samples was a single

orthorhombic perovskite phase. Second phase SrCo0, g, however, formed in the Smg5Srg5C007Cup303_s
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and Smg5S1g5C0g6Cup403_s samples. The conductivity of the Smg 5Srg5C0g7Cug305_5 cathode was higher
than that of other samples. However, the Smg5Sro5Co0gCug203_s electrode exhibited the lowest overpo-
tential of 25 mV at 400 mA cm~2 and the lowest area special resistance of 0.2 2 cm? at 700°C.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Solid oxide fuel cells (SOFCs) are devices that convert chemical
energy into heat and electricity directly without involving combus-
tion cycles. Compared with traditional energy technology, SOFCs
have many advantages, such as high-energy conversion efficiency,
high power density, low pollution and flexibility in using hydro-
carbon fuels [1]. Conventional SOFCs operate at high temperature
of around 800-1000°C. However, this has many disadvantages,
including that there are chemical reactions between components,
only expensive ceramic conductor can be used as interconnectors, a
long warm-up duration, etc. If the operation temperature of SOFCs
can be decreased to 600-800°C, the inexpensive stainless steel
could be used as the interconnector, thus the chemical and ther-
mal durability of all the components would be enhanced. However,
the conductivity of the cathode material will decrease and the acti-
vation polarization of cathode electrode will obviously increase at
low temperatures. Therefore, the development of high performance
cathode materials is quite an important issue for intermediate-
temperature SOFCs (IT-SOFC).

Perovskite-type oxides such as Laj_,SryMnOs (LSM) [2] and
La;_xSrxCoO3 (LSC) [3] and related materials have been widely
studied and used as cathode materials for SOFC. The high catalytic
activity of LSC is much higher than that of LSM due to its high
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ionic conductivity and high oxygen vacancy concentration, which
enables the migration of dissociatively, adsorbed oxygen in the bulk
LSC in addition to the surface diffusion route. In recent years, many
reports have indicated that Smy_,SryCoO3 (SSC) exhibited higher
catalytic activity and lower overpotential than LSC [4-6]. Fukunaga
et al. have proposed a reaction model for dense SSC [7]. The result
shows that adsorption-desorption at the surface of the electrode is
the rate-determining step that is the same as for LSC. The adsorp-
tion and desorption rate constants of SSC were approximately one
order of magnitude larger than the corresponding values of LSC.
In addition, SSC is compatible both chemically and physically with
ceria-based electrolyte.

In this study, a new oxygen-deficit cathode material Smg 5Srg5-
Coq_xCuxO3_5 (SSCCu) was synthesized by the glycine-nitrate
method. Structure, conductivity, interfacial resistance and overpo-
tential of the SSCCu cathode were investigated.

2. Experimental

Smyg 5Srg5C01_xCuxO3_s5 (x=0-0.4) powders were prepared by
the glycine-nitrate process (GNP) [8]. The GNP precursor solution
was prepared from the stoichiometric amount of Sm(NO3).6H,0,
Sr(NO3);, Co(NO3),-6H,0, Cu(NOs3),-1.5H;0. These metal ions
sources were dissolved in distilled water. The Cu content was 0, 0.1,
0.2, 0.3 and 0.4 mol% (designed as SSC, SSCCu01, SSCCu02, SSCCu03
and SSCCu04, respectively). The mole ratio of glycine to NO3~ was
0.5. Each solution was heated on a hotplate at 100°C and stirred
until water was evaporated and a sticky gel appeared; this resulted
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inrapid and self-sustaining combustion. The resultant ash was then
calcined at 1000°C for 4h in air to form the SSCC phase of the
perovskite structure.

The thermogravimetry and differential thermal analysis
(TG/DTA, Setaram, Setsys Evolution) was performed from room
temperature to 1000°C in air at a rate of 5°Cmin~'. The phase
identification of the SSCCu powders was performed with a powder
diffractometer (LabX, XRD-6000) with Ni-filtered Cu K« radiation,
and a diffraction angle from 20° to 80° with a step of 0.01° and a
rate of 1° min~!. The conductivity of the electrode was measured
with the DC 4 terminal method in air using Agilent 34970A and
Agilent 6645A, from 450 to 800 °C. DC measurements were carried
out to measure overpotential of the SSCCu electrode using the
current-interruption method. The cell based on a 12 mm diameter
pellet of CeggSmg;019 (SDC) electrolyte with thickness of about
0.5mm. The cathode powders were mixed with ethylcellulose
binder and screen printed on one side of SDC electrolyte. The
reference Pt electrode was placed 5 mm from the cathode. On the
other side of the SDC disk, the Pt counter electrode was placed
symmetrically to the cathode side. The electrochemical impedance
spectroscopy (EIS) was measured by potentiostat (Solartron 1287)
and a frequency analyzer (Solartron 1255B/1255) from 0.1 to
1 MHz with an applied AC signal of 10 mV. The morphologies of
the sintered cathode electrode were observed by field emission
scanning electron microscopy (FE-SEM, Jeol 6701F).

3. Results and discussion

Fig. 1 shows the DTA/TG thermal analysis of the SSCCu01 pre-
cursor. It was found that there is a violently exothermic reaction at
170°C, which is accompanied by 85% weight loss. This is due to the
rapid and self-sustaining combustion of the precursor.

The XRD patterns of SSC sample calcined at various temper-
atures are shown in Fig. 2. It was found that the orthorhombic
perovskite start formed as the calcination temperature increased
to 800°C. As the calcination temperature increased to 1000°C,
a single orthorhombic perovskite formed with good crystalliza-
tion. Fig. 3 shows the XRD patterns of SSCCu01, SSCCu02, SSCCu03
and SSCCu04 samples calcined at 1000°C for 4h. The struc-
ture of the Smyg 5Sr(5C00.9Cug103_g, SMg5Sr95C008CUE205_5 and
Smy 5Srg5C0g7Cup303_5 samples was single orthorhombic per-
ovskite phase (JCPDS 53-0112). Second phase SrCoO,g (JCPDS
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Fig. 1. TG/DTA curve of the SSCCu01 precursor with a heating rate of 5°Cmin~"! in
air.
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Fig. 2. XRD patterns of SSC calcined at temperature of (a) 200°C, (b) 300°C, (c)
400°C, (d) 600°C, (e) 800°C and (f) 1000°C for 12 h in air.

39-1084), however, formed in the Smg5Srg5C0oggCup403_5 sam-
ples. It was found that the crystallization of samples increased as
copper content increased due to the decrease in the melting point
of the sample with the increase in the doping amount of Cu.

High electronic conductivity is important because it may result
in a good current-collecting efficiency and a low ohmic resistance
for a cathode electrode of IT-SOFC. It is well known that there are
electronic and ionic conductivity mechanism in a mixed ionic and
electronic conductor (MIEC), due to the co-presence of holes and
oxygen vacancies. However, the ionic conductivity is much lower
than the electric conductivity. Therefore, the conductivity mea-
sured with the DC 4 terminal method in this study can be believed
to occur by the hopping of p-type polarons and associated with
the behaviors of the triple and tetravalent state Co and Cu cations
[9,10]. The temperature dependence of the total electrical conduc-
tivity of all SSCCu samples in air is given in Fig. 4. It was found that
the conductivity of SSC, SSCCu01, SSCCu02 and SSCCu03 samples
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Fig. 3. XRD patterns of (a) SSC, (b) SSCCu01, (c) SSCCu02, (d) SSCCu03 and (e)
SSCCu04 samples calcined at 1000 °C for 4 h in air.
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Fig. 4. Conductivity of SSC, SSCCu01, SSCCu02, SSCCu03 and SSCCu04 samples at
various temperatures.

decreased with the temperature increase; this is typical behavior
of an electronic conductor that depends on temperature. However,
the conductivity of the SSCCu04 sample slightly increased with
temperature increase; this is due to the partial ionic conductivity.
The conductivity of SSCCu02 and SSCCu03 samples is higher than
that of SSC, SSCCu01 and SSCCu04. At 800 °C, the highest electrical
conductivity was SSCCu03, at 126 Scm~!. SSCCu04 has such a low
conductivity due to the large amount of second phase SrCoO, g that
is formed. The logarithm of electrical conductivity versus recipro-
cal temperature of Smq 5Srg 5C01_xCuxO3_g (x=0-0.4) is plotted (as
InoT versus 1/T) in Fig. 5. The calculated activation energy of SSC,
SSCCu01, SSCCu02, SSCCu03 and SSCCu04 sample is 4.3,4.9,4.9, 1.5
and 10.6 k] mol~1, respectively.
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Fig. 5. Arrhenius plot of conductivity of SSC, SSCCu01, SSCCu02, SSCCu03 and
SSCCu04 samples.
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Fig. 6. Overpotential of Smg5Srg5C01_xCuxO3_s (x=0-0.3) mixed with 30 wt% SDC
cathode electrodes as function of current density at 700 and 800 °C.
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Fig. 7. Overpotential of Smg5Sro5Co1_xCuyO3_s (x=0-0.3) mixed with 30 wt% SDC
cathode electrodes at current density of 400 mA cm~2 at 700 and 800°C.
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The overpotential of SSCCu electrodes at 700 and 800 °C with
different current densities is shown in Fig. 6. For SSC and SSCCu01
samples, the overpotential increases with current density increases
in the range of 0-250mAcm2, and reaches a stable value of
250 and 190 mV, respectively, as the current density increases to
400 mA cm~2. For SSCCu02 sample, the overpotential only slightly
increases from 0 to 25mV as the current density increase to

200mAcm~2 and reaches a stable value. The overpotential does
not increase with current density increase up to 400 mA cm~—2. The
overpotential behavior of the SSCCu03 sample is similar to that of
SSCCu02, but the maximum overpotential is 65 mV at 400 mA cm—2
at 700°C. It was found that the overpotential of SSCCu02 is much
lower than that of the SSC, SSCCu01 and SSCCu03 samples. A com-
parison of the overpotential of all samples measured at 700 °C and

NCKL

Fig. 8. SEM micrographs of top view for SSCCu-SDC cathode: (a) SSC, (b) SSCCu01, (¢) SSCCu02, and (d) SSCCu03 and cross-section view for SSCCu-SDC cathode: (e) SSC, (f)

SSCCu01, (g) SSCCu02, and (h) SSCCu03 sintered at 1000 °C for 4 h.
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800°CisshowninFig. 7. It was found that the overpotential increase
behavior is similar, but the maximum overpotential data of samples
measured at 800 °C is lower than that measured at 700 °C by about
10-50 mV. It is well agreed that the oxygen electro-reduction pro-
cess in a cathode electrode is a multistep electrochemical process,
including: (1) diffusion of O, from the gas phase to the surface of
the cathode; (2) dissociation of chemisorbed oxygen molecules into
atomic oxygen at the active site; (3) charge transfer; (4) diffusion of
02- from the cathode electrode to cathode/electrolyte interface and
into the electrolyte [11]. It is suggested that the low overpotential
behavior of SSCCu02 is due to the high oxygen vacancy concentra-
tion [12]. The activation polarization of the cathode electrode at low
temperatures is mainly due to the dissociation rate of chemisorbed
oxygen molecules and oxygen diffusion [13,14].In order to retain the
electrical neutrality, the reduction of the Co and Cu ions is expected
occur; this can be described in Egs. (1) and (2), respectively:

2Coco- + 00* <> 2Coco* +Vo-- + (1/2)0, (1)
2Cucy- + 0o <> 2Cucy® +Vo- + (1/2)0, 2)

The area of chemisorbed oxygen and the oxygen diffusion rate
and path were enhanced by the high concentration of oxygen
vacancy in the SSCCu02 sample. Therefore, the overpotential is
lower than that of other samples especially at high current density.

The microstructure of the SSCCu-SDC electrodes top view and
cross-sections were observed by SEM. Typical images are shown
in Fig. 8. It was found that the grain size and pore size of SSCCu
samples increased with the Cu doping amount, especially in the
SSCCu02 and SSCCu03 sample. This is because the melting point of
SSCCu samples decreases when the Cu doping amount increases.
The thickness of all cathode electrodes was approximately 10 pm.
Both SSC-SDC and SSCCu-SDC cathode electrodes exhibited good
interfacial contact with the SDC electrolyte; no delamination was
observed.

The activation polarization of the cathode electrode due to
charge transfer occurred in the interface between the cathode and
the electrolyte. The cathode performance was investigated by the
EIS technique based on symmetrical cells. The EIS for the SSC,
SSCCu01, SSCCu02 and SSCCu03 cathode electrodes on the SDC
electrolyte recorded at 700°C in air are shown in Fig. 9. It can be
seen that the ASR of SSCCu is obviously lower than that of the SSC
electrode. The ASR of SSC, SSCCu01, SSCCu02 and SSCCu03 elec-
trode is 11.3, 7.3, 0.2 and 0.5 2 cm?, respectively. The area-specific
resistance versus the reciprocal temperature of SSC and SSCCu elec-
trodes is shown in Fig. 10. The activation energy is 109, 75, 129 and
118 k] mol~1, respectively. These values are much lower than that of
LSCF cathode electrode [15]. The potential resistance of the cathode
electrode is closely related not only to the charge transfer and the
adsorption/dissociation of oxygen, but also to the transport speed
of oxide ions through the bulk and across the cathode/electrolyte
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Fig. 9. Impedance spectra of different copper content for SmgsSrg5C0;_xCuy,O3_g
(x=0-0.3) mixed with 30 wt% SDC at 700°C in air.
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Fig. 10. Arrhenius plots of area-specific resistance of different copper content
Smy5Sr05C01_xCuxO3_s (x=0-0.3) electrodes mixed with 30 wt% SDC.

interface. Therefore, the kinetics of oxygen exchange and diffusion
of oxide ions in the cathode materials as well as electronic conduc-
tivity play a critical role in the oxygen reduction reaction [16]. It
is suggested that the kinetic of oxygen exchange and diffusion of
oxygen in the SSCCu02 sample is higher than that in the other sam-
ples; therefore it exhibits the lowest overpotential and ASR, even
though its conductivity is not the highest. For the SSCCu03 sample,
a small amount of second phase start formed, so the electrochemi-
cal performance cannot be further improved. The quantification of
oxygen vacancy concentration in SSCCu samples and power den-
sity of a single cell based on the SSCCu02 cathode electrode are still
being researched.

4. Conclusions

Smy 5Srg5C01_xCuxO3_g (x=0-0.3) cathode materials were suc-
cessfully prepared by GNP and had a stable orthorhombic
perovskite structure. The Smg5Srgs5CopgCug,03_s exhibited an
acceptable conductivity of 125S cm~! at 700 °C, the lowest overpo-
tential of 25mV at 400 mA cm~2 and the lowest area special resis-
tance of 0.2 Q2 cm? at 700°C. Therefore, Smq5Sro5C00gCug203_s
will be a promising candidate for intermediate-temperature solid
oxide fuel cell cathode material.
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